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Abstract

ASTM A194 steel is one of the standard steels used in the manufacture of steel nuts used in high temperature and pressure
conditions in the oil and gas industry. In this study, the effect of polyurea coating on improving the corrosion resistance of
this alloy and the effect of Ag nanoparticles on the corrosion properties of polyurea coating in 3.5% sodium chloride solution
was investigated. Corrosion resistance of the samples was evaluated by potentiodynamic polarization test. Scanning electron
microscopy (SEM) and X-ray diffraction spectroscopy (EDS) analyses were used to qualitatively evaluate the surface of the
samples coated with polyurea and Ag nanoparticles. The obtained results showed that applying polyurea coating on ASTM
A194 steel improved its corrosion resistance significantly. It was also found that addition of Ag nanoparticles had a positive
effect on the protective properties of polyurea coating. The results of potentiodynamic polarization tests showed that adding
silver nanoparticles to the polyurea coating improved the protective behavior of the coating in the short and long term. This
improvement in corrosion behavior can be attributed to the barrier properties and chemical properties of silver nanoparticles

in contact with destructive species present in corrosive electrolytes.
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1 Introduction

Corrosion is defined as the destruction and loss of material
due to reactions with its surroundings. Corrosion damages
can be divided into two categories of direct damages, includ-
ing the cost incurred due to the damage to the equipment,
and indirect damages such as the cost of repairing or replac-
ing the damaged part. The necessity of corrosion control is
often summarized in safety and economic considerations.
Machines, equipment and components of factories can be
broken due to corrosion and can lead to severe health and
financial losses.

Generally, the main methods of corrosion protection can
be divided into four categories: cathodic protection, anodic
protection, use of inhibitors, and the use of coatings [1, 2].
There are several ways to prevent corrosion of steels, among
which the use of organic coatings is the most widely used
method of corrosion protection of steel equipment exposed
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to corrosive environments [3—7]. This type of coating creates
a relatively thin layer between the piece and its surround-
ings. Using coatings undoubtedly has the highest corrosion
protection among such methods [8—11].

Thin coatings can provide an effective barrier between
metal and its surroundings. Among the wide range of indus-
trial coatings used so far, some studies have been done on
the uses of polyurea coating as a high-performance corro-
sion protection and mechanical strength enhancer [12—14].

In the study by Feng and Iroh [13], a polyurea aromatic
coating was used to protect 2024 aluminum corrosion in a
solution of 3.5% sodium chloride. The results of their elec-
trochemical impedance spectroscopy showed that, due to
its permeability and corrosion resistance, the polyurea coat-
ing could provide effective protection for aluminum. They
showed that corrosion resistance increased with polyurea
concentration in coating up to 50%. Also, they reported that
the coating lifetime was about 8 years [13].

In another study, Orlov [14] used a polyurea coating to
protect the corrosion of drinking water pipelines under-
ground. He observed that by applying the appropriate
thickness of the polyurea coating, tubes could be protected
up to 50 years. The researchers investigated the effect of
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polyurea coating on composite cylinders used under the sea
[15]. They evaluated the uncoated cylinder with two cyl-
inders with different coating thicknesses. Laboratory and
computational results showed that the use of polyurea coat-
ing reduced the degradation of cylinders and increased their
service life. It was also observed that with increasing the
thickness of the coatings used on the cylinders, the rate of
degradation of the cylinders decreased.

Additives are among the chemicals, commonly used in
small values to obtain special effects [16]. Additives affect
the technical characteristics of the coating and the character-
istics of the protective layer created. These effects are adhe-
sion, creating foam, dispersion of pigments, stability, flex-
ibility, smoothness and polish, UV resistance, permeability,
fire resistance, resistance to microbes, and the like [17, 18].

The production of graphene/polyurea and graphite oxide/
polyurea nanocomposites were investigated to improve pro-
tective coating properties [19]. The authors observed that
by adding 0.2 wt% graphene in the nanocomposite, tensile
strength reached the maximum enhancement of 80%. While
the tensile strength of nanocomposite decreased by increas-
ing graphite oxide concentration [19]. Moreover, the effect
of microcomposite coating has been investigated by adding
glass fiber to polyurea to enhance mechanical properties
[20]. The results revealed that the microcomposite became
stiffer by increasing milled glass volume fraction from 10
to 20% [20]. By using cold spray coating technology, Zhoa
et al. [21] made a composite coating on aluminum matrix by
combining graphene sheets decorated by Ag nanoparticles.
The graphene plates and Ag nanoparticles were uniformly
distributed in the coating. Their results indicated that this
type of coating had a very high antibacterial activity. They
proved the presence of Ag nanoparticles improved the coat-
ing properties and prevented the bacterial (Escherichia coli)
activity. Torrico et al. [22] prepared anticorrosive coating
on metallic surfaces by mixing siloxane and silica at dif-
ferent molar proportions with epoxy. The produced coating
provided high thermal stability (>300 °C) and excellent
barrier protection for steel substrate [22]. Effects of SiO,
nanoparticles on corrosion behavior of coating over St 37
steel as substrate were investigated, showing that corrosion
resistance was raised by adding SiO, nanoparticles up to
2 g/L [23]. Manjumeena et al. [24] used the green silver
nanoparticles as an environmentally friendly additive to
reinforce epoxy resins. This additive increased the both cor-
rosion resistance and antimicrobial activity of the coating.
In this research study, three different amounts of Ag nano-
particles, i.e., 1, 3, and 5 wt% Ag nanoparticles, were added
to the coating. The corrosion resistance of the coatings was
investigated by corrosion tests which the results showed that
the best corrosion behavior was in the case of adding 1 wt%
Ag nanoparticles to the coating. Furthermore, studies have
also shown that this type of coating could protect the surface
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from the bacteria by preventing the growth of bacteria gener-
ated layers.

Nanotechnology is the recognition and control of
nanoscale materials producing superior physical, chemical,
and biological properties, enabling new and unique uses
[25-35]. An increase in the surface-to-volume ratio, which
gradually occurs with a reduction in the size of the particle,
ends in overcoming the behavior of the atoms at the sur-
face to the behavior of the internal atoms. In recent decades,
various studies have been conducted on the methods for the
synthesis and application of metal nanoparticles, especially
silver nanoparticles [36]. Silver nanoparticles are used in a
variety of areas, such as clothing, medical and military tex-
tiles, producing different types of filter, packaging industries,
water purification, and paint and varnish. Using silver nano-
particles in industrial coatings is done to improve corrosion
behavior, to reach antibacterial properties, and to improve
mechanical and thermal properties [24].

In marine environments, severe damage is caused by cor-
rosion attacks on the nuts and bolts, causing their mechani-
cal properties decrease and also may cause the failure of
them. Failure of such equipment due to its important usage
in flange connections of oil and gas pipelines causes many
problems including fluid leakage at the flange joint which
resulting in safety and life-threatening contamination and
stopping production ultimately. In order to control the cor-
rosion and extend the service life of these components in
industrial offshore conditions, it is recommended to use
polyurea E300 coating because of its excellent mechanical
and corrosion properties. The petroleum tapes are commonly
used for controlling the corrosion of nuts and bolts in indus-
trial applications. There is no explicit instruction for paint
or coating systems for controlling the corrosion of them. To
provide the ability to open and tighten the nuts and the bolts,
three-layer common coating systems cannot be used. This
study tries to fill a gap in the literature by using the improved
polyurea coating with Ag nanoparticles (thin layer), offer
appropriate protection system for the equipment.

ASTM A194 is one of the steel types used in manufac-
turing steel nuts which are used frequently in condition of
high temperature or high pressure, or both high temperature
and pressure, in oil, gas, and petrochemical industries. This
group of steels includes all types of carbon steel, alloy steel,
martensitic stainless steel, and austenitic stainless steel [2].

This study has examined the effect of polyurea coating on
the improvement of ASTM A194 steel corrosion resistance
and the effect of silver nanoparticles on the corrosion of
polyurea coatings in a simulated seawater. The study, using
the potentiodynamic polarization technique, was an effort to
examine the protective behavior of polyurea coatings as well
as the effect of adding silver nanoparticles in various mass
fraction, i.e., 0.5%, 1%, and 2%, into coating on its corrosion
resistance in the simulated seawater electrolyte.
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2 Material and Method

Silver nanoparticles supplied by US Research Nanomateri-
als (USA) were used in this study as additive. To prevent
the silver nanoparticle oxidation and reduce re-weighting
error which lead to wasting nanoparticles, one-gram pack-
ages of nanoparticles were purchased. The properties of
the mentioned nanoparticle are listed in Table 1.

Also, polyurea (300 cold) with 70% solids was supplied
by Eurotaff Co. (Spain) and used as coating on ASTM
A194 steel.

Potentiodynamic polarization test was used to evaluate
the protective behavior of E300 grade polyurea coating
on ASTM A 194 steel and the effect of adding silver nano-
particles to polyurea coatings in a 3.5% NaCl solution.
In doing so, the corrosion behavior of the samples was
evaluated before and after coating by polyurea and before
and after the addition of silver nanoparticles to polyurea
coatings at mass concentrations of 0.5, 1, and 2 wt%. The
main evaluation factors are corrosion current density (i
and corrosion potential (E,,).

To evaluate the quality of the coating, the surface of the
samples was evaluated using scanning electron microscope
(SEM) at various magnifications, and the energy-disper-
sive X-ray spectroscopy analysis (EDS) of the samples
was done.

Since the curing agent has less viscosity than the resin
(polyurea), a certain amount of it was injected into the
silver nanoparticles sachet via a syringe. After complete
mixing and ensuring that the nanoparticles had incor-
porated into the hardener phase well, the nanohardener
suspension was stirred at 500 rpm for 15 min at room
to achieve a homogenous suspension. ASTM A194 steel
bolt of 1 x 1 cm? was used to provide the bare steel sam-
ples as working electrodes. In order to prepare standard
electrochemical corrosion samples, the copper wire were
soldered to the steel samples for electrical connection and
then mounted by resin. The working electrodes were pol-
ished using abrasive papers of silicon carbide up to 2500
grit. The samples were degreased by acetone, washed
with distilled water and dried by compressed air accord-
ing to the ASTM G1 standard instructions [37]. The sur-
face cleanliness of the bare steel samples before coating
was achieved NACE No.2/SSPC-SP10 requirements by

corr)

Table 1 Specifications of silver nanoparticles

blast cleaning with the use of abrasives. After blasting, the
surface profile of the cleaned steel was measured 50 + 10
micrometer in accordance with ASTM D4417.

After preparing the steel substrate, the polyurea coating was
prepared at various concentrations of silver nanoparticles and
was applied on the steel surface by immersing. After 24 h, the
coated steel samples were cutin 1Xx 1 cm? size with a cutter,
and standard samples of corrosion test were prepared. The
average dry film thickness (DFT) was determined 150+ 10
micrometer based on SSPC-PA2 standard.

To conduct the corrosion tests, the Autolab Galvanostat
PGSTAT 302 device was used coordinated with the Nova 1.8.
To conduct the electrochemical tests on each of the prepared
working electrodes, three electrode cells were used, which
contained a working electrode (test samples), a platinum aux-
iliary electrode, and a calomel reference electrode. Potentio-
dynamic polarization test was conducted at a potentiometric
range of — 300 to+300 mV in relation to the open circuit
potential at a scanning speed of 0.5 millivolt per second, and
then the potentiodynamic polarization curve of the samples
was plotted.

3 Results and Discussion

Figure 1 shows potentiodynamic polarization graphs of ASTM
A194 uncoated steel, steel with polyurea coating without silver
nanoparticles, and three samples with different concentrations
of silver nanoparticles (0.5, 1, and 2 wt% silver nanoparticles)
in the solution of 3.5% of sodium chloride.

Figure 1 shows that by applying the polyurea coating on
the ASTM A194 steel sample, potentiodynamic polarization
diagram is significantly shifting toward lower currents and
higher potentials. Moreover, by comparing potentiodynamic
polarization curve of the steel sample with polyurea coating
and polyurea coating with various percentages of silver nano-
particles, one can conclude that by adding silver nanoparti-
cles to the polyurea coating, the graphs of these samples shift
toward lower currents and higher potentials.

Table 2 shows the extracted data from polarization curves
related to the five samples reported in Fig. 1. In this table, E_ .
is corrosion potential, i, is corrosion current density, and b,
and b, are, anodic and cathodic tafel slopes, respectively.

The results in Table 2 show that by applying the poly-
urea coating on ASTM A194 steel, the corrosion density

Properties Stock # Sachet size Morphology Color

Average particle
(€9) size (nm)

Density (g/cm®) Molecular weight
(g/mol)

Silver Nano particles
SSA (m?/g)

Value US1038 1 Spherical Light gray 20

10.5 107.87 18-22
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Fig. 1 The results of potentiodynamic polarization test of the samples
in 3.5% sodium chloride solution

decreased by about 109 times relative to the uncoated sam-
ples. Additionally, by comparing the sample with polyurea
coating and the sample with polyurea coating containing sil-
ver nanoparticles additive, it can be concluded that the cor-
rosion density of the coated samples containing additive was
improved 1.7, 2.5, and 5.9 times. Thus, the addition of silver
nanoparticles improves the corrosion resistance of ASTM
A194 steel with polyurea coating. Moreover, the results of
Table 2 show that by increasing the concentration of silver
nanoparticles from 0.5 to 1%, and from 1 to 2% the corrosion
density of the samples decreased and the corrosion behavior
of the coating improved. The best corrosion behavior of the
three samples listed with silver nanoparticles is related to the
sample with 2 wt% silver nanoparticles. This sample has the
lowest corrosion density of all tested samples in this study.

The additive quantity is usually depending on the base
resin cost. In another word, the cost of additives should not
be higher than that of the resin (otherwise, the base resin can
be improved to another one). At the time of this study, the
polyurea resin was about $ 46/1 kg and silver nanoparticles
$23/1 g, so the maximum limit for adding silver nanoparti-
cles was only 2 %wt. Therefore, by increasing the concentra-
tion of silver nanoparticles further (>2%), the nanocompos-
ite coating is not economical.

To investigate corrosion behavior of the sample contain-
ing 2% silver nanoparticles in the long term, the experiments

were repeated at 3-, 7-, 12-, 18-, and 30-day intervals. Fig-
ure 2 illustrates the potentiodynamic polarization diagrams
of the polyurea-coated steel containing 2% silver nanopar-
ticles (PU+2.0 wt% Ag) in 3.5% sodium chloride solution
on different days. Table 3 provides the data for these five
samples.

According to Table 3, the corrosion current density of
the steel sample with the polyurea coating containing 2%
silver nanoparticles can be reduced by increasing the time
of immersion, thereby corrosion resistance increased. This
result shows that the high immersion time has not only had
any negative effect on the corrosion protection performance
of the mentioned nanocomposite coating but also improved
the performance of the corrosion protection.

Improvement of the corrosion behavior in samples with
silver nanoparticles can be attributed to the arming of the
polyurea coating with silver nanoparticles and the emer-
gence of a composite network of metal and polymer on the
steel substrate, the creation of a physical barrier of nanopar-
ticles against the corrosive species, chemical reactions which
cause chlorine consumption, changing the nature of corro-
sive species, trapping and preventing them from movement
as well as increasing the occupied volume by nanoparticles
in coating as a result of the reaction to chlorine and chemical

0.6
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=
g
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Fig.2 The result of potentiodynamic polarization test of the samples
with polyurea coating containing 2% silver nanoparticles after 3-, 7-,
12-, 18-, and 30-day in 3.5% sodium chloride solution

Table 2 Data extracted from the

curves of polarization for the Sample E... (V) i (A cm™) b, (mV/dec) b, (mV/dec) Rp (Q)

five mentioned samples Bare steel —0.693 6.5%107 10212 9.411 3.27x10°
PU —0.378 7.1x107 11.183 5.285 2.19%x 107
PU+0.5 wt% Ag —0.308 42x10°® 9.372 5.134 3.43x%107
PU+1 wt% Ag —0.280 2.8x107 10.466 8.571 7.31x107
PU+2 wt% Ag —0.257 1.2x1078 10.884 8.913 1.77%x 10
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Table 3 Data extracted from the polarization curves of the polyurea
coating containing 2% silver nanoparticles on different days

Sample 3 (days) 7 (days) 12 (days) 18 (days) 30 (days)
E.\ 0.318 -0304 —-0255 —0237 -0.230
%

Qo (A 2.1x107°  1.6x107° 84x107'0 62x10710 52x1071°
cm™?)

b, (mV/ 11.503 11.077 10971 11.889 11.551
dec)

b, (mV/ 9.150 8.578 9.044 9.190 8.241
dec)

Rp(Q) 1.05x10° 131x10° 2.56x10° 3.6x10° 4.02x10°

change of nanoparticles nature from metal to salt or a metal
oxide which can change the dielectric coefficient of coating.

Figure 3 shows the images of SEM for ASTM A194 steel
samples with polyurea coating containing 2 wt% silver nano-
particles at four different magnifications. In all images, it
is clear that the nanoparticles distribution in the polyurea

Date :27 Feb 2019
Time :15:52:36

A=QBSD

EHT = 20.00 kV WD= 12mm Photo No. = 7665

Signal A = GBSD
Photo No. = 7669

Date :27 Feb 2018

EHT = 20.00 KV WD= 12mm Time :116:04:10

coating layer was well done and there were no agglomer-
ated silver nanoparticles on the surface of the coating. SEM
images show that there were no cavities or foreign impuri-
ties on the surface of the samples. Additionally, no poros-
ity, cracks, or holes were found on the surface. Due to the
fact that silver nanoparticles were well mixed with polyurea
resin. In all images and analyzes, a mixture of resin and
silver metal nanoparticles has been revealed.

Figure 4 shows the SEM image of the ASTM A194 steel
sample coated with polyurea containing 2wt% silver nano-
particles along with its EDS analysis. The presence of Ag
peaks in the EDS analyzes confirms the presence of silver
nanoparticles on the surface of the coating and the absence
of deposition on the substrate, chemical reaction or deterio-
ration of silver nanoparticles. In addition to the Ag peak,
the peaks of some elements such as C, O, Au, and Ba are
also visible. The observation of different elemental peaks is
due to the mixing of the silver nanoparticles with the resin.
Furthermore, C and O on the surface of the sample are found
due to the abundance of these materials in the atmosphere.

Date :27 Feb 2019

EHT =20.00 kV WD= 12 mm Phaoto No. = 7668 Time :16:03:04

_—_

Signal A=QBSD
Phato No. = 7670

E 2 B

Date :27 Feb 2018

EHT = 20.00 KV WD= 12 mm Time :16:06:30

Fig.3 SEM image of ASTM A194 steel with polyurea coating containing 2 wt% silver nanoparticles at different magnifications
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Fig.4 Analysis of the sample coated with polyurea containing 2 wt% silver nanoparticles. a SEM image, b elemental analysis of a point at the

surface of ASTM A194 steel

The addition of silver nanoparticles has two obvious effects
on coating behavior. Firstly, it fills spaces, holes, and gener-
ally possible defects of the coating, and secondly, the anti-
corrosion nature of silver nanoparticles. Silver is a noble metal
and inherently resistant to corrosive environments. Hence, by
adding it to the coating, it shifts the potentiodynamic polariza-
tion curves to more positive potential values. Silver nanopar-
ticle has very high wetting properties in contact with polyurea
resin and distributed homogeneously across the resin matrix.
Silver nanoparticles help to modify the coating structure and
eliminate some defects. Silver nanoparticles also have a sig-
nificant mechanical influence on the structure of the polyurea
coating [38]. The addition of metallic particles in nanoscale
with high wettability reinforces the coating. Silver nanopar-
ticle-reinforced polyurea coatings provide a semi-composite
network of metal and polymer on steel substrates that improve
the both corrosion behavior and mechanical properties of the
coating. The improvement in the corrosion behavior of polyu-
rea coatings by adding silver nanoparticles can be attributed
to the physical and chemical behavior of silver nanoparticles
in contact with corrosive electrolytes [38—41]. The addition of
silver nanoparticles creates a physical barrier against the pen-
etration of corrosive species. The higher the coating resistance
to penetration of corrosive species, the better the corrosion
behavior of the substrate steel. Adding silver nanoparticles to
polyurea coating creates physical barriers to the penetration of
corrosive species such as chloride ions. The chemical reaction
of silver nanoparticles with aggressive ions such as chloride
can also alter the nature of the aggressive ion and prevent its
destructive activity.

@ Springer

4 Conclusion

In this study, the protective behavior of the polyurea
coating containing various concentrations of silver nano-
particles for corrosion control of ASTM A194 alloy was
experimentally investigated by using the potentiodynamic
polarization test. The corrosion properties of the coated
samples were assessed in the chloride-containing electro-
lyte. The following results were achieved:

By applying polyurea coating on the surface of ASTM
A194 steel, the corrosion current density decreased while
the potential increased. This result indicated that the corro-
sion resistance of the polyurea-coated steel was improved
compared to the non-coated steel.

By examining the results of the potentiodynamic polari-
zation test of the ASTM A194 steel specimen with polyu-
rea/silver nanocomposite coating, it was observed that by
increasing the percentage of silver nanoparticles to the pol-
yurea coating, the corrosion current density of the sample
decreased; hence, the corrosion resistance increased. The
best sample in terms of corrosion resistance, among the
tested specimens, was the ASTM A 194 steel specimen with
a polyurea coating containing 2 wt% silver nanoparticles.

At 3-,7-, 12-, 18-, and 30-day intervals, the potentiody-
namic polarization test for polyurea coating 2 wt% silver
nanoparticles showed that by increasing immersion time,
the corrosion current density of the samples decreased.
Therefore, the corrosion resistance of the coated sample
was improved.
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